The new cationic thio-surfactants are readily water soluble in spite of their rather long alkyl chain.
EXPERIMENTAL PROCEDURES 2.1 Materials
Thio-surfactants C n SC m TAB were prepared as shown in Fig. 1 . 3-Bromopropyltrimethylammonium bromide Aldrich and n-alkanethiol Tokyo Kasei Co. were used as received. 5-Bromopentyltrimethylammonium bromide was not commercially available, and hence, it was synthesized by the reaction of 1,5-Dibromopentane and trimethylamine in THF with stirring for 3 days at room temperature, which yielded the desired compound as a precipitate. 5-Bromopentyltrimethylammonium bromide or 3-bromopropyltrimethylammonium bromide was dissolved in ethanol, and then mixed with n-alkanethiol. The reaction mixture was allowed to stir for 24 h at room temperature with subsequent dropwise addition of sodium ethoxide ethanol solution. After the removal of precipitated NaBr, the products C n SC m TAB were purified by repeated recrystallization from acetone-ethanol mixtures. The compounds obtained by this procedure were characterized by 1 H NMR measurements JNM-EX270 spectrometer . D 2 Oδ ppm ; 0.74 3H, t, -CH 2 9 CH 3 , 1.14-1.19 18H, m, -CH 2 9 CH 3 , 1.44-1.51 2H, m, -CH 2 CH 2 9 CH 3 , 1.94-2.01 2H, m, -CH 2 CH 2 N , 2.49-2.54 2H, m, -SCH 2 -, 3.07 9H, s, -N CH 3 3 , 3.35-3.42 2H, m, -CH 2 CH 2 N . Counterion exchange for C 12 SC 3 TAB from bromide to nitrate C 12 SC 3 TAN was performed as reported previously 3 , and alkyltrimethylammonium salts C n TAB and fluorescence probes were used as reported previously 3 .
Measurements
The conductivity measurements of the aqueous surfactant solutions were carried out using a Model DS-12 conductivity meter HORIBA . The fl uorescence spectra of 1.0 10 7 M pyrene in surfactant solutions were measured by scanning the emission from 350 nm to 450 nm while exciting the sample at 335 nm using a Hitachi F-3010 spectrometer. The ratios of the fi rst and third peaks of pyrene fl uorescence were recorded. Aqueous solutions of 1.0 10 6 M 6-methoxy-N-3-sulfopropyl quinolinium SPQ were prepared using doubly distilled water. The fl uorescence intensities of the surfactant solutions were measured at 440nm under the excitation at 345nm using a Hitachi F-2000 spectrometer. The fluorescence intensity in the absence of quencher was used as a standard. All of the critical micelle concentrations were determined at 25 . HPLC analysis of the surfactants was performed using a TSKgel ODS-100V TOSOH Co. column with methanol / 30 mM sodium 1-octanesulfonate 90:10 mixtures as eluting solutions. The elution of the surfactant was detected using electrical conductivity measurements.
RESULTS

HPLC analysis and Krafft temperatures of thiosurfactants
We have prepared a series of thio-surfactants containing an identical number of atoms in the hydrophobic chain as alkyltrimethylammonium bromide. The thio-surfactants were analyzed by reversed phase chromatography. The elution peaks of C 14 TAB, C 16 TAB and C 18 TAB were observed at 1.8, 2.3 and 3.0 min, respectively, whereas those of C 10 SC 3 TAB, C 12 SC 3 TAB, C 14 SC 3 TAB and C 16 SC 3 TAB were observed somewhat earlier at 1.7, 2.1, 2.6, 3.4 min, respectively. The difference in elution time between C n TAB and C n-4 SC 3 TAB can be attributed to the difference in hydro-phobicity between the methylene and thioether groups. The presence of the thioether group infl uenced the elution time, whereas the position of the thioether group had no appreciable influence on the elution profiles as demonstrated by the elution times for C 10 SC 5 TAB, C 12 SC 5 TAB, C 14 SC 5 TAB, which were observed at 2.0, 2.6, 3.4 min, respectively.
The Krafft temperatures of the thio-surfactants in aqueous solution were determined using conductivity measurements. An abrupt increase in conductivity with increasing temperature characteristics of the Krafft temperature, was observed as shown in Fig. 2 . The Krafft temperature of C 16 TAB was 23 , whereas that of C 16 SC 3 TAB was also 23 in spite of the longer chain length. The Krafft temperature of C 12 SC 3 TAB, whose hydrophobic chain length is identical with that of C 16 TAB, however,was lower than 5 . It is known that the thioether group acts as a weak hydrogen bond acceptor 2 , and hence, the attractive interactions between the thioether groups and water enhance the solubility of C 12 SC 3 TAB in aqueous media. The Krafft temperatures of C 18 TAB and C 20 TAB were 37 and 45 , respectively, whilst those of C 14 SC 3 TAB, C 12 SC 5 TAB and C 14 SC 5 TAB were lower than 5 . Thus, it can be concluded that the presence of the thioether group causes a signifi cant decrease in the Krafft temperature. The position of the thioether group also exerts an influence on the Krafft temperature as is clearly demonstrated by the comparison of the Krafft temperatures of C 16 SC 3 TAB 23 with C 14 SC 5 TAB 5 . The Krafft temperature reflects the equilibrium between surfactants in water and in hydrated crystals 4 . Small changes in the chemical structure of the surfactant also affect the rather stringent packing of the molecules in hy- drated crystals. Disturbance of the molecular packing by the thioether group lowers the stability of the hydrated crystal phase, resulting in a decrease in the Krafft temperature.
Critical micelle concentrations
The conductivity method has been widely used for measuring cmc and the degree of micellar ionization 5 . Figure 3 shows the conductivity curves for aqueous solutions of C 16 TAB, C 12 SC 3 TAB and C 10 SC 5 TAB against surfactant concentration. The marked breakpoint provides a measure of the cmc. The cmc of thio-surfactants containing identical numbers of atoms in the hydrophobic chain increased, and it was dependent on the position of the thioether group. The slopes of the conductivity curves below the cmc are in agreement with that of C 16 TAB. The ratio of the slopes above and below the cmc S 2 /S 1 has been used as a measure of the degree of micellar ionization 6 . The data for the cmc and degree of micellar ionization are summarized in Table 1 . The cmc of C 12 SC 3 TAB was approximately two times higher than that of C 16 TAB, whereas the cmc of C 10 SC 5 TAB was more than three times higher than that of C 16 TAB. Although the thioether group is not as effective a hydrogen bond acceptor as the ether group, it is able to interact with water 7, 8 . The attractive interactions between the thioether groups and water contribute to the increase in the solubility of the surfactant monomer and water penetration into the micelles, resulting in the observed increase in the cmc. The degree of micellar ionization is also increased by the substitution of the thioether group into the hydrophobic chain. The degree of micellar ionization is affected by the balance of hydrophobic attraction and electrostatic repulsion as well as the micellar size and shape. The attractive interactions between the thioether groups and water will result in a change in the electrostatic repulsion between ionic headgroups at the micellar surface. Specifically, the increase of degree of micellar ionization can be attributed to the formation of loose micelles as a result of the water penetration which decreases the micellar surface charge density. Figure 4 shows the linear relationship between log cmc and the number of carbon atoms n C in the hydrophobic chain for the C n TAB, C n-4 SC 3 TAB, and C n-6 SC 5 TAB systems. The slope of the plots for the C n TAB system was 0.31, which agrees with that reported in the literature 5 . The series of cmc data for the C n-4 SC 3 TAB system coincided with the linear fi t for the C n TAB system, suggesting almost no contribution of the thioether group upon micellization. The identical slope of the plots for the C n-4 SC 3 TAB and C n TAB systems indicates that the hydrophobic contribution of the methylene group for C n-4 SC 3 TAB is almost identical with that for C n TAB. On the other hand, the series of cmc data for the C n-6 SC 5 TAB system showed a significant deviation from those of the C n TAB system. The attractive interactions between the thioether groups and water enhance the cmc of the thio-surfactants, suggesting that the water penetrated more deeply into the C n-6 SC 5 TAB micelles. The two or three CH 2 groups near the headgroup of C n TAB are in contact with water, suggesting that there is almost no difference in the water penetration between C n TAB and C n-4 SC 3 TAB micelles. On the other hand, water penetrates the C n-6 SC 5 TAB micelles up to at least five carbons. Thus the smaller slope for the C n-6 SC 5 TAB system may arise from water penetration into the thio-surfactant micelles, leading to the difference in free energy change for the transfer of a methylene group from water to the micelle core. Pyrene fl uorescence has been widely used for the determination of the cmc and micellar micropolarity using the ratio of the intensity of the fi rst and third vibronic peaks I 1 /I 3 9 . Figure 5 shows the variation of I 1 /I 3 ratios as a function of surfactant concentration. The I 1 /I 3 ratio for pyrene in water was 1.88 and decreased with increasing surfactant concentration. The cmc is usually found at the inflection point of the decrease in the I 1 /I 3 ratio. The I 1 /I 3 ratios of C 16 TAB, C 12 SC 3 TAB and C 10 SC 5 TAB above the cmc were 1.37, 1.41 and 1.44, respectively, suggesting that there was water penetration into the thio-surfactant micelles. The cmc and I 1 /I 3 data are summarized in Table 2 .
The cmc values are in fair agreement with those determined by the conductivity method. The somewhat higher micellar micropolarities for the thio-surfactants correspond to the formation of loose micelles owing to the water pene-tration, which results in a higher degree of micellar ionization compared with C n TAB.
SPQ Fluorescence quenching by thioether group
It is known that the fl uorescence quenching behavior of SPQ can been used in the measurement of concentration of halide dissociated from surfactants 3 . The cmc and degree of micellar ionization can then be obtained from a Stern-Volmer plot of the quenching data. Figure 6 shows the Stern-Volmer plot of C 16 TAB, C 12 SC 3 TAB and C 12 SC 3 TAN against surfactant concentration. The marked breakpoint provides the cmc in a manner similar to the conductivity method. The ratio of the slopes of the plot above and below the cmc can be used as a measure of the degree of micellar ionization. The slope of the Stern-Volmer plot below the cmc for alkyltrimethylammonium bromide was reported as the Stern-Volmer constant K SV 212 M 1 . However, a considerable increase was observed in the K SV of the thio-surfactants. The K SV value of C 12 SC 3 TAB below the cmc was about 1.5 times larger than that of C 16 TAB. Similar behavior was observed for halide sensitive fl uorescence probes such as MEQ and SPA 10 .
The cmc and K SV data determined by SPQ fl uorescence quenching are summarized in Table 3 . The bromide ion and the thioether group will both contribute to the SPQ fluorescence quenching. We have previously shown that SPQ fl uorescence is insensitive not only to nitrate but also to alkyltrimethylammonium 3 . In order to confi rm the SPQ fluorescence quenching by the thioether group, the thiosurfactant with nitrate counterion C 12 SC 3 TAN was prepared. As shown in Fig. 6 , SPQ fluorescence was indeed quenched by C 12 SC 3 TAN, the breakpoint gave cmc 1.74 mM, which was slightly lower than the cmc of 1.89 mM for C 12 SC 3 TAB. The Stern-Volmer plot as a function of thiosurfactant concentration was linear with K SV 81 M 1 below the cmc. The C 12 SC 3 TAN exhibited a peculiar the partial recovery of fluorescence intensity above the cmc. These results suggest that fl uorescence quenching will occur in the bulk water phase as illustrated in Scheme 1. Gel filtration experiments have shown that SPQ tends to be partitioned in the bulk water phase without being trapped in cationic micelles 3 . Fluorescence quenching takes place as a result of collisions between the SPQ probe and the monomeric thio-surfactant. The variation of fluorescence intensity is related to the concentration of the thio-surfactant quencher according to the Stern-Volmer relationship. Above the cmc, the concentration of thio-surfactant monomer in equilibrium with micelles decreases slightly with increasing surfactant concentration, leading to the partial recovery of fl uorescence intensity above the cmc. Therefore, we were able to estimate the variation in concentration of monomeric thio-surfactant.
CONCLUSION
The aqueous solution properties of a new class of cationic surfactants containing thioether moieties in their hydrophobic chain were summarized. The Krafft temperatures of the thio-surfactants were considerably lower than those of corresponding alkyltrimethylammonium bromide. The conductivity and pyrene fl uorescence probe methods indicated that substitution of thioether for CH 2 resulted in an increase in the cmc of the thio-surfactant, depending on the position of thioether in the hydrophobic chain, and that the thio-surfactant micelles have a higher degree of micellar ionization and micropolarity as a result of water penetration into the micelles. Furthermore, we found that the thioether exhibited quenching ability toward SPQ fl uorescence. The Stern-Volmer plot indicated that the concentration of monomeric thio-surfactant decreases slightly with increasing surfactant concentration.
